The presence of a hidden sector with very weak interactions with the standard model has significant implications on LHC signatures. In this work we discuss LHC phenomenology with the inclusion of a hidden sector by a U (1) extension of MSSM/SUGRA. We consider both kinetic mixing and Stueckelberg mass mixing between the U (1) gauge field of the hidden sector and U (1) Y of the visible sector. Such a model has an extended parameter space. We consider here two limited regions of this parameter space. In the first case we consider a U (1) gauge field along with chiral fields needed for the Stueckelberg mechanism to operate and discuss the mixing between the hidden and the visible sectors. Here if the stau is the lightest sparticle in the MSSM sector and the neutralino of the hidden sector is the LSP of the full system and a dark matter candidate, the stau can be long-lived and decay inside an LHC detector tracker. In the second case we include extra vectorlike matter in the hidden sector which can give rise to a Dirac fermion in addition to the two neutralinos in the hidden sector. The neutralino sector now has six neutralinos and we assume that the lightest of these is the LSP and is higgsino-like. In this case the dark matter is constituted of a Majorana and a Dirac fermion, and a small µ leads to heavy Higgs boson masses which reside in the observable range of HL-LHC and HE-LHC.
Introduction
Within supersymmetry (SUSY) and supergravity (SUGRA) unified models (for a review see, e.g. [1] ), the mass of the standard model (SM) Higgs boson is expected to be below 130 GeV [2] [3] [4] which is exactly what experiments at the Large Hadron Collider (LHC) have measured, where a SM-like Higgs boson was observed at ∼ 125 GeV [5, 6] lending support to SUSY. As is well known the Higgs boson mass at ∼ 125 GeV requires a large loop correction within the minimal supersymmetric standard model (MSSM) which in turn implies that the size of weak scale supersymmetry is large, lying in the several TeV region. This also explains why SUSY has not been observed at accelerators thus far. In this work we consider a U (1) extension of MSSM/SUGRA and the resulting phenomenology. This phenomenology leads to new phenomena observable at the LHC in different parts of its parameter space. We consider two specific parts, one where stau is the lightest supersymmetric particle (LSP) of the MSSM sector and the LSP of the extended sector is a hidden sector neutralino which is a dark matter candidate. In the second investigation we consider the case where a Majorana neutralino in the MSSM sector and a Dirac fermion in the hidden sector form two components of dark matter. We give now further details of the model.
The extension proposed in this work brings in an additional vector superfield with particle content of B µ , λ X where B µ is the new gauge boson and λ X is its gaugino superpartner. The U (1) X can mix with hypercharge U (1) Y via kinetic mixing [7, 8] . Additionally with Stueckelberg mass mixing of U (1) X and U (1) Y one brings in a chiral superfield which contains a Weyl fermion ψ [9] [10] [11] . After electroweak symmetry breaking the above leads to a 6 × 6 neutralino mass matrix, where the additional two neutralinos reside in the hidden sector with highly suppressed couplings to the visible sector. If the next-to-lightest supersymmetric particle (NLSP) of the extended model is a stau and the LSP is the lightest neutralino of the hidden sector then a stau decaying to the hidden sector neutralino is long-lived and since it is charged will leave a track in the inner detectors (ID) of the ATLAS and CMS experiments.
In the second class of extended U (1) models we consider we add hidden sector matter which are neutral under U (1) Y while charged only under U (1) X . Such a setup is useful when dealing with a DM candidate in the visible sector with small relic abundance. Thus to saturate the relic density to the experimentally measured value, one needs at least one extra component which could be a Dirac fermion of the hidden sector matter. A higgsino-like LSP (obtained when the µ parameter is small) of the visible sector fits the description of an LSP with small relic density. Another consequence of small µ is the presence of MSSM heavy Higgs bosons which can be under 1 TeV and accessible to the LHC.
In the first part of this work we explore the possibility of observing charged long-lived particles (LLP) within the framework of supergravity grand unified model with an extended U (1) X sector including both the gauge kinetic mixing and the Stueckelberg mass mixing. In the second part we focus on SUGRA models on the hyperbolic branch with a small µ (of order the electroweak scale) where the LSP is higgsino-like. Indeed within radiative breaking of the electroweak symmetry higgsino-like dark matter can arise naturally on the hyperbolic branch when µ is small [12] [13] [14] (for related works, see, e.g., [15] [16] [17] [18] ). Such models are highly constrained because the DM-proton scattering cross-section is large and mostly ruled out especially for WIMPs in the few hundreds of GeV in mass. However, such models can be viable if DM is multicomponent with the higgsino-like DM contributing only a fraction of the relic density with the rest made up from other sources. Here we discuss a two-component DM model where one component is the higgsino (a Majorana fermion) of the visible sector while the other component arises from the hidden sector and is a Dirac fermion [19] . One of the important consequences of the two-component model is the prediction of a relatively light CP odd Higgs (in the range of few hundred GeV) which can be within the reach of high luminosity LHC (HL-LHC) and high energy LHC (HE-LHC) [20, 21] . In this work we carry out a detailed analysis of the integrated luminosities needed for the observation of this low-lying Higgs. Its observation would lend support to the higgsino nature of the LSP and the multi-component nature of dark matter. For additional work on the prospects of SUSY discovery at HL-LHC and HE-LHC, see Refs. [22] [23] [24] [25] [26] [27] .
The model
As discussed above we consider an extension of the standard model gauge group by an additional abelian gauge group U (1) X of gauge coupling strength g X where the MSSM particle spectrum of the visible sector are assumed neutral under U (1) X . Thus the abelian gauge sector of the extended model contains two vector superfields, a vector superfield B associated with the hypercharge gauge group U (1) Y , a vector superfield C associated with the hidden sector gauge group U (1) X , and a chiral scalar superfield S.
The gauge kinetic energy sector of the model is given by
We invoke gauge kinetic mixing between the U (1) X and U (1) Y sectors via terms of the form
As a result of Eq. (2) the hidden sector interacts with the MSSM fields through the small kinetic mixing parameter δ. The kinetic terms in Eq. (1) and Eq. (2) can be diagonalized by the transformation
where
Alongside gauge kinetic mixing, we assume a Stueckelberg mass mixing between the U (1) X and U (1) Y sectors so that [9] 
The matter sector of the model consists of the visible sector chiral superfields denoted by Φ i where i runs over all quarks, squarks, leptons, sleptons, Higgs and Higgsino fields of the MSSM which are neutral under U (1) X and hidden sector chiral superfields denoted by Ψ i and are neutral under U (1) Y . The Lagrangian for the matter interacting with the U (1) gauge fields is given by
where Y is the U (1) Y hypercharge and X is the U (1) X charge. The minimal particle content of the hidden sector consists of a left chiral multiplet Ψ = (φ, f, F ) and a charge conjugate Ψ c = (φ , f , F ) so that Ψ and Ψ c carry opposite U (1) X charge and hence constitute an anomaly-free pair. The Dirac field ψ formed by f and f has a mass M ψ arising from the term M ψ ΨΨ c in the superpotential. Following SUSY breaking, the scalar fields of the hidden sector acquire soft masses equal to m 0 (the universal scalar mass of the visible sector) and the additional Dirac mass such that
It is convenient from this point on to introduce Majorana spinors ψ S , λ X and λ Y so that
In addition to the MSSM soft SUSY breaking terms, we add new soft terms related to the additional fields
where m X is the U (1) X gaugino mass and M XY is the U (1) X − U (1) Y mixing mass.
After electroweak symmetry breaking, ψ S and λ X mix with the MSSM gauginos and higgsinos to form a 6 × 6 neutralino mass matrix. We choose as basis (ψ S , λ X , λ Y , λ 3 ,h 1 ,h 2 ) where the first two fields arise from the extended sector and the last four, i.e., λ Y , λ 3 ,h 1 ,h 2 are the gaugino and the higgsino fields of the MSSM sector. Using the transformation of Eq. (3) we rotate into the new basis (ψ S , λ X , λ Y , λ 3 ,h 1 ,h 2 ) so that the 6 × 6 neutralino mass matrix takes the form
where s β ≡ sin β, c β ≡ cos β, s W ≡ sin θ W , c W ≡ cos θ W with M Z being the Z boson mass. We label the mass eigenstates asξ 
where M + is identified as the Z boson mass while M − as the Z boson.
3 Long-lived stau in the U (1) X -extended MSSM/SUGRA For this part, we turn off the hidden sector matter as they play no role in the long-lived stau analysis. The U (1) X -extended MSSM/SUGRA model is implemented in the Mathematica package SARAH v4.14.1 [28, 29] which generates model files for SPheno-4.0.3 [30, 31] which in turn produces the sparticle spectrum and CalcHep/CompHep [32, 33] files used by micrOMEGAs-5.0.4 [34] to determine the dark matter relic density and UFO files which are input to MadGraph5 [35] . The input parameters of the U (1) X -extended MSSM/SUGRA [36] are of the usual non-universal SUGRA model with additional parameters as below (all at the GUT scale)
where m 0 , A 0 , m 1 , m 2 , m 3 , tan β and sgn(µ) are the soft parameters in the MSSM sector as defined earlier. The parameters M 2 and M XY are set to zero at the GUT scale. The input parameters must be such as to satisfy a number of experimental constraints. Taking theoretical uncertainties into consideration, we require the Higgs boson mass to be 125 ± 2 GeV and the dark matter relic density Ωh 2 ≤ 0.123. The selected benchmarks satisfying the constraints are shown in Table 1 . Table 1 : Input parameters for the benchmarks used in the analysis of Ref. [40] . Here M 2 = M XY = 0 at the GUT scale. All masses are in GeV.
The resulting spectrum of some of the relevant particles is shown in Table 2 . Table 2 : Display of the Higgs boson (h 0 ) mass, the µ parameter, the stau mass, the relevant electroweak gaugino masses, and the relic density for the benchmarks of Table 1 computed at the electroweak scale (taken from Ref. [40] ). The track length, cτ 0 (in mm) left by the long-lived stau is also shown. All masses are in GeV.
All sparticles shown in Table 2 have masses which are not ruled out by experiment yet. Here the stau is the lighter of the two staus and considering large off-diagonal element in the stau mass-squared matrix it can be made lighter than the tau sneutrino. The mass gap between the NLSP and the hidden sector LSP is small which contributes to the stau decay width suppression. The only decay mode of the stau is to the hidden sector neutralino, i.e.τ → τξ 0 1 . Another source of suppression comes from the fact that the MSSM particles communicate with the hidden sector particles only through the small kinetic mixing coefficient δ which, according to Table 1 , is chosen to be very small, i.e. O(10 −6 ).
LHC production of stau and its long-lived decay signature
At the LHC, the light stau can be pair produced or produced in association with a tau sneutrino, i.e. pp →τ +τ − and pp →τν τ , respectively. The stau production in the extended model proceeds via s-channel γ, Z and Z mediators with the contribution of the latter being negligible due to the smallness of the gauge kinetic and mass mixings whereas stau associated production with a tau sneutrino proceeds by the exchange of W ± boson. We calculate the di-stau and stau-tau sneutrino LHC production cross-sections using Prospino2 [37, 38] at the next-to-leading order (NLO) in QCD at 14 TeV and at 27 TeV using the CTEQ5 PDF set [39] . The cross-sections of the selected benchmarks can be found in Ref. [40] .
The signal final states following the production of staus and tau sneutrinos are as in Eq. (15) pp
where τ h corresponds to a hadronically decaying τ , represents a light lepton (electron or muon) and E miss T is the missing transverse energy due to neutrinos and the LSP. As Eq. (15) suggests, we require at least one isolated light lepton and at most one hadronically decaying tau. Due to the compressed spectrum, little E miss T is produced and so no selection criteria is imposed on the missing transverse energy.
There are two sets of tracks that may be visible in the ID tracker: one corresponding to the long-lived stau which is characterized by low speed and large invariant mass and the second due to soft leptons (of low p T ) coming from the stau decay. The combination of both tracks constitute what is known as a kinked track [41] . The main selection criterion involves cuts on the lepton impact parameter d 0 which tends to be much larger than the SM backgrounds. Given the final states of Eq. (15), the largest contributors to the physical SM backgrounds are W/Z/γ * + jets, diboson production, single top and tt. The signal and background events are simulated at leading order (LO) with MadGraph5 aMC@NLO-2.6.3 interfaced to LHAPDF [42] , showered by PYTHIA8 [43] and detector simulation and event reconstruction carried out by DELPHES-3.4.2 [44] using the beta card for HL-LHC and HE-LHC studies. ROOT 6 [45] is used for the analysis of the resulting event files and cut implementation. The unphysical background contamination is due to fake tracks arising from the high pile-up environment. We simulate minimum bias events due to elastic and inelastic (diffractive and non-diffractive) soft QCD events with PYTHIA8 which are mixed with the main interaction. We consider a mean pile-up (interactions per bunch crossing) of 128 [46] for both HL-LHC and HE-LHC 1 . Pile-up mitigation is handled by PUPPI [47] with the default settings used for CMS phase II Delphes card.
Discovery potential of long-lived stau at the LHC
In order to see the extent of performance degradation due to pile-up we carry out the analysis in cases of zero and non-zero pile-up. As explained before, we are looking for a light lepton (electron or muon) track with large impact parameter, |d 0 |, originating from a high momentum track due to the long-lived charged stau. The kinematic variables used to discriminate the signal from the SM background are:
1. |d 0 |: the track impact parameter which is chosen to be large enough to eliminate as many background events as possible.
p e [µ] T
: the transverse momentum of an isolated electron or muon.
p tracks T
: the transverse momentum of tracks in the ID.
4. Isolated lepton tracks: the number of isolated leptons must match the number of lepton tracks. This ensures that we reject any lepton tracks which are not isolated.
5. ∆R(τ , track): the minimum spatial separation between the lepton tracks and the stau track. A small cut on this variable ensures that the lepton track considered has originated from a long-lived stau.
6. β = p/E: the velocity of the long-lived particle. A cut on β allows us to reject events with muons faking a stau track.
We present in the left panel of Applying some selection criteria on the kinematic variables listed above, we perform a cutand-count analysis to determine the integrated luminosity needed for a 5σ discovery at both HL-LHC and HE-LHC under zero and non-zero pile-up conditions. The number of signal events surviving the cuts for cases of pile-up and no pile-up are displayed in Fig. 2 
where B ψ is the bilinear parameter of the Dirac mass term in the superpotential at the GUT scale.
We show in Table 3 ten representative benchmarks satisfying the Higgs boson mass and relic density constraints. The values of µ are O(100) GeV which support arguments for naturalness. Since the mass of the CP odd Higgs depends on µB one expects light CP odd states. Table 3 : Input parameters for the benchmarks used in the analysis of Ref. [55] . Here M XY = 0 = B at the GUT scale and M 2 is chosen at the GUT scale so that it is nearly vanishing at the electroweak scale. All masses are in GeV.
The CP odd Higgs mass ranging from ∼ 300 GeV to 750 GeV along with the neutralino, chargino, stop, gluino and stau masses are presented in Table 4 . In some of those benchmarks, the value of m 0 is quite small, for instance, point (g) has m 0 ∼ 800 GeV while the stop mass is ∼ 5 TeV. The reason is the large value of m 3 which via the RGE running generates squark masses in the several TeV range [48] . With heavy gluinos and stops, experimental limits on their masses from ATLAS and CMS can be evaded. Also, the LSP and chargino masses presented in Table 4 have not yet been ruled out by experiment. Note that higgsino-like neutralinos contribute the smaller fraction of the DM relic density (due to the smallness of µ) while the Dirac fermion of the hidden sector contributes the larger fraction.
Model hχ 0 1χ Table 4 : Display of the SM-like Higgs boson mass, the stau mass, the relevant electroweak gaugino masses, the CP odd Higgs mass and the relic density for the benchmarks of Table 3 computed at the electroweak scale (taken from Ref. [55] ). All masses are in GeV.
Corrections to the Z boson mass due to gauge kinetic and mass mixings are well within experimental error bars. Additionally, the particle spectrum of the model contains an extra neutral massive gauge boson, Z . Stringent constraints are set on the mass of the Z [49] and most recently by ATLAS [50] using 139 fb −1 of data. In new physics models containing Z with SM couplings, the mass limit is set at m Z > 5.1 TeV. For a model with an extra U (1) X with a gauge coupling strength g X , the limit can be written as
which is satisfied for all the benchmarks of Table 3 .
Associated production of CP odd Higgs with heavy quarks
As a result of electroweak symmetry breaking and the Stueckelberg mass growth, the Higgs sector of the U (1) X -extended MSSM has six degrees of freedom corresponding to three CP even Higgs, h, H and ρ and one CP odd Higgs A and two charged Higgs H ± . In this section we discuss the production and decay of the CP odd Higgs A and in particular the associated production of A with bottom-anti bottom quarks, bbA.
There are two approaches to calculating the production cross-section of A in association with bb. The first is known as the four-flavour scheme (4FS) which considers the b-quark to be heavy and appearing only in the final state. The LO partonic processes are gg → bbA,→ bbA.
The cross-section appears to be sensitive to the b-quark mass which is taken to be the running mass at the appropriate renormalization and factorization scales (m b (µ F )). As mentioned before, the CP odd Higgs coupling to the top quark is suppressed and thus the diagrams involving top quarks do not contribute significantly to the cross-section. Following the prescription of [51] , the hard scale of the process is taken at the renormalization and factorization scales such that µ R = µ F = (m A + 2m b )/4 with m A the CP odd Higgs mass and m b being the b-quark pole mass. The 4FS NLO cross-section at fixed order in α S is calculated with MadGraph5 aMC@NLO-2.6.3 using FeynRules [52] UFO files [53, 54] for the Type-II two Higgs doublet model (2HDM). The choice of the latter is justified due to the fact that SUSY-QCD effects for our benchmarks are very minimal since the squarks and gluinos and heavy. The cross-sections at 14 TeV and 27 TeV are given in Ref. [55] and have been checked with publically available results [51] by a proper scaling of the bottom Yukawa coupling.
The second method to calculating the cross-section is known as the five-flavour scheme (5FS) which is realized when divergent logarithmic terms are absorbed to all orders in α S via the DGLAP evolution of b-quark PDFs. In this scheme, b-quarks are massless and appear at the partonic level so the LO process for CP odd Higgs production is
The 5FS bbA production cross-section is known at next-to-NLO (NNLO) and here we use SusHi-1.7.0 [56] to determine those cross-sections at 14 TeV and 27 TeV. Suitable choices of the renormalization and factorization scales are µ R = m A and µ F = m A /4, respectively. Scale uncertainties are determined by varying µ R and µ F such that µ R , 4µ F ∈ {m A /2, m A , 2m A } with 1/2 ≤ 4µ F /µ R < 2. Although the b-quark is massless, the bottom Yukawa coupling is non-zero and renormalized in the MS scheme. In calculating the cross-sections for both 4FS and 5FS cases we have used PDF4LHC15 nlo mc and PDF4LHC15 nnlo mc [57] PDFs, respectively. We combine both estimates of the cross-section using the Santander matching criterion [58] such that
where α = ln
The matched cross-section of the inclusive process lies between the 4FS and 5FS values but closer to the 5FS value owing to the weight α which depends on the CP odd Higgs mass. The uncertainties are combined as such,
4.2 CP odd Higgs signature in τ h τ h final state at the LHC Due to its enhanced coupling to bottom quarks, the CP odd Higgs preferentially decays to bb pair while the second largest branching ratio is to τ + τ − . The benchmarks of Table 3 are not yet excluded by experiment and lie within the contour set for HL-LHC.
The signal we investigate consists of a CP odd Higgs decaying to two hadronic taus and produced alongside two b-quarks which can be tagged. Even in the 5FS, b-flavored jets can appear at the parton shower level and so b-tagging is viable here too. In order to account for misidentified b-tagged jets, we require that our final states contain at least one b-tagged jet and two tau-tagged (τ h ) jets such that p T (b) > 20 GeV, |η(b)| < 2.5 and p T (τ h ) > 15 GeV. The standard model backgrounds relevant to the final states considered here are tt, t+jets, t + W/Z, QCD multijet, diboson and W, Z/γ * +jets.
Due to the smallness of the signal cross-section in comparison to the SM backgrounds (especially following the selection criteria), we use Boosted Decision Trees (BDT) to separate the signal from the background. The type of BDT used here is known as "Adaptive BDT" (AdaBoost). The BDT implementation is carried out using ROOT's own TMVA (Toolkit for Multivariate Analysis) framework [59] . Depending on the samples, we set the number of trees to be in the range 120 to 200, the depth to 3 and the AdaBoost learning rate to 0.5. The kinematic variables used in discriminating the signal from the background are: the total transverse mass of the di-tau system given by [60] 
is the hadronic di-tau invariant mass, m τ h τ h , the angular separation ∆φ(τ h1 , τ h2 ) between the leading and sub-leading hadronic tau jets, the number of charged tracks associated with the leading tau, N 
where p
is the p T of the leading jet, the di-jet transverse mass m di−jet T of the leading and sub-leading jets and the effective mass defined as
where H T is the sum of the hadronic p T 's in an event, p T (τ h1 ) and p T (τ h2 ) are the transverse momenta of the leading and sub-leading hadronic taus.
After training and testing of the BDTs, we set a cut on the BDT score variable which would give us the minimum integrated luminosity for
at the 5σ level discovery. The BDT distribution varies from one benchmark to another due to the fact that each point is trained along with the SM backgrounds independently from the others. For this reason, the most efficient cut on the BDT score will not be the same for all points. We present in Fig. 3 It is shown that half the benchmarks are discoverable at HL-LHC with benchmark (d) discoverable with an L as low as 866 fb −1 while the benchmark (f) requires L close to the optimal integrated luminosity of 3000 fb −1 . However, all the benchmarks are discoverable at HE-LHC with some requiring an integrated luminosity smaller than 100 fb −1 such as point (d) with L = 50 fb −1 for discovery. Point (j) requires the largest amount of data at ∼ 2600 fb −1 which, however, is still much lower than the optimal integrated luminosity of 15 ab −1 expected at HE-LHC.
We show in Fig. 4 distributions in the BDT score for points (a) and (d) at 14 TeV and 27 TeV for some select integrated luminosities. For point (a) which is observable at both HL-LHC and HE-LHC we see that the signal is over the background for L = 150 fb −1 at 27 TeV (top left panel) while higher integrated luminosity is required for an excess at HL-LHC, namely, L = 2000 fb −1 (top right panel). The bottom two panels of Fig. 4 show the BDT score for point (d) at 27 TeV (left) and 14 TeV (right) for the same integrated luminosity of 200 fb −1 . Figure 4 : Distributions in the BDT score for benchmarks (a) (top panels) and (d) (bottom panels) of Table 3 at 14 TeV (right panels) and 27 TeV (left panels) in the 2τ h signal region (SR) for various integrated luminosities obtained from Ref. [55] .
The HE-LHC is projected to collect data at a rate of 820 fb −1 per year [61] which is much higher than the HL-LHC rate. Hence the expected run time for points (a)−(d) for discovery at HL-LHC is ∼ 3 to ∼ 4 years while point (f) requires ∼ 8 years. The run time is significantly decreased for HE-LHC where most of the points require ∼ 1 to ∼ 6 months, while point (d) ∼ 22 days and point (j) ∼ 3 years.
Before concluding we give an overview of the uncertainties one might expect and their impact on the estimated integrated luminosities at HL-LHC and HE-LHC. Studies show that much of the systematic uncertainties are expected to drop by a factor of 2 [62, 63] and now known as "YR18 systematic uncertainties". We exhibit in Fig. 5 the estimated integrated luminosities before and after including the uncertainties for both HL-LHC and HE-LHC. In the left panel, the five benchmarks discoverable at both colliders are shown along with the "YR18 uncertainties" where at HL-LHC, the integrated luminosities for discovery have increased by ∼ 1.5 to ∼ 2.5 times (in blue) compared to when no systematic uncertainties are present (in orange). At the HE-LHC the increase is by ∼ 1.5 to ∼ 4 times (in red) compared to the case with no systematics (in yellow). The right panel shows the points that are discoverable only at HE-LHC along with the integrated luminosities before (in orange) and after (in blue) including uncertainties. In the analysis above we have not included any CP phases. Such phases are known to have measurable effects in SUSY and Higgs phenomena (see e.g., [64] ) and is of interest in future work. Table 1 that are discoverable at both HL-LHC and HE-LHC with and without the "YR18 uncertainties". Right panel: the remaining five benchmarks of Table 3 that are discoverable only at HE-LHC with and without the "YR18 uncertainties" [55] .
Conclusions
Dark matter does not need to reside in the visible sector and may well be in a hidden sector and possess very weak interactions with the MSSM fields. Such a possibility can arise in SUSY models with U (1) X extension leading to a DM candidate with very small scattering cross-section allowing it to escape direct detection experiments. However, the effect of such a candidate can be seen through the decay of visible sector particles into the hidden sector DM. In the first part of this work we considered the lightest stau to be the NLSP of the extended MSSM/SUGRA model while the LSP is the neutralino of the hidden sector obtained after extending the neutralino mass matrix to a 6 × 6 mass matrix so that the hidden sector neutralinos interact with the visible sector via the small gauge kinetic and mass mixings. Due to this very small mixing and additional phase space suppression between the LSP and NLSP, the stau will decay to the hidden sector neutralino after having traveled a considerable distance in the ID owing to its long lifetime. Thus the stau may leave a track in the ID making it visible to experiments at HL-LHC and HE-LHC. We have shown that half of the selected benchmarks can be observed at HL-LHC while all benchmarks corresponding to a wider mass range of the stau may be visible at HE-LHC.
One can add to the hidden sector matter fields charged under U (1) X while neutral under U (1) Y . This is of interest especially for MSSM/SUGRA models where the LSP is a higgsino. This particle has very efficient annihilation in the early universe leading to a small relic abundance. This leads the way to the possibility of having at least one extra component of DM to saturate the relic density. The second component can arise from a hidden sector. Thus in the second part of this work, we consider a multicomponent DM model consisting of a Majorana neutralino from the visible sector and a Dirac fermion from the hidden sector as the second component. It is shown that the Dirac fermion provides the dominant contribution to the relic density. The higgsino LSP in the visible sector can be obtained when the µ parameter is small which means that the MSSM heavy Higgs bosons can have masses under 1 TeV and thus accessible to the LHC. We study a set of benchmarks for the extended model and show that the CP odd Higgs boson in models of this type is observable when investigating the τ h τ h final state at the HL-LHC and HE-LHC. It is seen that a CP odd Higgs with a mass up to 450 GeV for tan β ≤ 12 may be discoverable at HL-LHC. The discovery reaches 750 GeV at the HE-LHC with an integrated luminosity of ∼ 2600 fb −1 which is just a fraction of the optimal luminosity of 15 ab −1 that HE-LHC can deliver. With the optimal luminosity the mass reach of HE-LHC for the CP odd Higgs mass will certainly extend far above 750 GeV.
